Introduction
============

Prostate cancer (PCa) is the most commonly diagnosed cancer and the second most common cause of cancer-related death in the United States.^[@bib1]^ Although the incidence of PCa is lower in Japan than in western countries, it is increasing.^[@bib2]^ Many epidemiological studies have shown that a high-fat diet (HFD) or obesity is associated with PCa incidence and progression.^[@bib3],\ [@bib4]^ Furthermore, several studies have indicated that HFD intake may affect gene expression, cellular activity and the circulating levels of biological factors through the hyperactivation of the phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) signalling pathways known to be involved in prostate carcinogenesis.^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^

Fatty acid synthase (FASN) is a metabolic enzyme that catalyzes the *de novo* synthesis of fatty acids; it is regulated by sterol regulatory element-binding proteins (SREBPs).^[@bib9],\ [@bib10],\ [@bib11]^ In addition, FASN has been shown to be upregulated by androgens and to promote LNCaP cell proliferation,^[@bib12],\ [@bib13]^ and FASN expression known to be regulated by PI3K and MAPK signalling pathways.^[@bib14],\ [@bib15]^ Furthermore, a recent study indicated that HFD-induced obesity increased melanoma progression through modulation of FASN expression,^[@bib16]^ whereas dietary soy, vitamin D2 and green tea inhibited FASN expression in various types of cancer cells.^[@bib17],\ [@bib18],\ [@bib19]^ Collectively, HFD and other dietary components may be associated with PCa progression through altered FASN expression. However, the precise underlying mechanism is poorly understood.

Human FASN is a 270 kDa cytosolic protein that is also found in the extracellular space.^[@bib20],\ [@bib21]^ For example, FASN has been found in both the culture supernatants of human breast cancer cells and the serum of breast cancer patients.^[@bib22],\ [@bib23]^ Extracellular FASN levels have been associated with FASN expression in the adipose tissue of patients with type 2 diabetes.^[@bib24]^ In addition, 5\' adenosine monophosphate-activated protein kinase (AMPK), which is key to maintaining intracellular energy balance,^[@bib25]^ has been reported to have a substantial role in extracellular FASN release and cellular energy restoration in response to increased AMP:adenosine triphosphate ratios.^[@bib26]^

In this study, we investigated FASN expression in LNCaP xenograft mice fed with HFD and low-fat diet (LFD). The results indicate that FASN expression is enhanced in xenograft tumour cells under HFD conditions, and that it is regulated by PI3K, MAPK and AMPK signalling pathways. Clinically, FASN expression was correlated with PCa progression. These results suggest that FASN and the related signalling pathways are involved in PCa progression, especially under HFD conditions.

Results
=======

HFD increased tumour growth and expression of FASN and SREBP-1 as well as decreasing serum FASN levels in the LNCaP xenograft mice
----------------------------------------------------------------------------------------------------------------------------------

We generated an LNCaP xenograft mouse model by inoculating 1 × 10^6^ of LNCaP cells, and dividing the mice into HFD and LFD groups ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), with 12 mice per group. Although there was no significant difference in the level of food consumption in the two diet groups, the caloric consumption was significantly higher in the HFD group than the LFD group (10.4±0.4 and 9.3±0.5 kcal/day/mouse, respectively, *P=*0.034; [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). At week 14 (end of the dietary experiments), tumour growth was significantly enhanced in the HFD group compared with the LFD group (*P=*0.025, [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), but there were no significant differences in serum levels of insulin and insulin-like growth factor 1 (IGF-1) in the two groups, consistent with the results of our previous study.^[@bib6]^ Next, we investigated the expression of FASN and SREBP-1, the critical transcriptional factor for FASN, in the xenograft mice. *FASN* and *SREBP-1* mRNA expression was 1.8-fold and 2.1-fold higher in xenograft tumours of the HFD group compared with the LFD group, respectively (*n*=12 per group, *P*\<0.05; [Figures 1a and b](#fig1){ref-type="fig"}). Similarly, the expression of FASN was higher in xenograft tumours of the HFD group than the LFD group ([Figures 1e--g](#fig1){ref-type="fig"}), whereas the mean serum FASN level was significantly lower in the HFD group than in the LFD group (3344.6±1005.8 and 6666.4±3685.8 pg/ml, respectively, *P=*0.026; [Figure 1c](#fig1){ref-type="fig"}). In addition, serum FASN levels were inversely correlated with tumour volumes (total, *r=*0.642, *P=*0.022; HFD group, *r*=−0.618, *P=*0.024; LFD group, *r*=−0.439, *P=*0.154; [Figure 1d](#fig1){ref-type="fig"}). These findings suggest that HFD enhances FASN expression in PCa cells and decreases the extracellular excretion of FASN while enhancing PCa progression.

Upregulation of P-AKT and P-ERK as well as downregulation of P-AMPK in LNCaP xenograft tumours in mice under HFD conditions
---------------------------------------------------------------------------------------------------------------------------

Several studies have indicated that the dysregulated PI3K/AKT, extracellular signal-regulated kinase (ERK)/MAPK and AMPK signalling pathways are associated with PCa progression, and that HFD can activate AKT and ERK signalling.^[@bib27]^ To explore the expression of protein kinase pathways in HFD-induced PCa tumour growth, we investigated the expression of AKT, P-AKT, ERK, P-ERK, AMPK, P-AMPK and Ki67 in xenograft tumours by immunohistochemistry and/or western blotting ([Figures 1e--g](#fig1){ref-type="fig"}; [Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}). P-AKT, P-ERK and the Ki67 positivity were significantly upregulated, whereas P-AMPK was significantly downregulated in the HFD group compared with the LFD group ([Figures 1e--g](#fig1){ref-type="fig"}, [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). In addition, there were no statistical differences in the expression of AKT, ERK and AMPK in the two diet groups ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). These results suggest that HFD promoted PCa growth along with the modulation of signalling pathways, such as PI3K/AKT, ERK/MAPK and AMPK.

Altered FASN expression through AKT and ERK inhibition as well as AMPK activation in PCa cells
----------------------------------------------------------------------------------------------

Next, we investigated the role of AKT and ERK signalling on FASN expression. Treatment with 5 μ[M]{.smallcaps} of the PI3K inhibitor LY294002 or 0.5 μ[M]{.smallcaps} of the MAPK inhibitor U0126 significantly decreased the intracellular FASN protein (as the 270 kDa intact form). However, FASN expression (as the 270 kDa intact and 100 and 150 kDa degraded forms) in the conditioned medium was increased in the LNCaP and C4-2 cells ([Figure 2a](#fig2){ref-type="fig"}). Furthermore, the expression of *FASN* and *SREBP-1* mRNAs was significantly lower in the LNCaP and C4-2 cells treated with LY294002 or U0126 compared with the parental cells (*P*\<0.01; [Figures 2b and c](#fig2){ref-type="fig"}). 5-Amino-4-imidazole carboxamide riboside (AICAR), which is a pharmacological activator of AMPK, stimulated extracellular FASN release in breast cancer cells;^[@bib26]^ therefore, we investigated the role of AMPK signalling in FASN and SREBP-1 expression in PCa cells treated with AICAR. Under these conditions, the protein expression of P-AMPK was increased in the LNCaP and C4-2 cells in a dose-dependent manner to an efficient maximum dose of 1 m[M]{.smallcaps} ([Figure 2d](#fig2){ref-type="fig"}). Furthermore, AICAR treatment resulted in expression of intracellular FASN (270 kDa intact form) and downregulation of the precursor (125 kDa) and mature (68 kDa) forms of SREBP-1, whereas FASN protein expression in the conditioned medium (mainly the 150 kDa degraded form) was increased in the LNCaP and C4-2 cells in a dose-dependent manner ([Figure 2d](#fig2){ref-type="fig"}). These findings suggest that the FASN expression was upregulated by increased PI3K/MAPK signalling or decreased AMPK signalling.

FASN expression and crosstalk among PI3K, ERK and AMPK signalling
-----------------------------------------------------------------

We next investigated the crosstalk among AKT, ERK and AMPK pathways for FASN expression in PCa cells. AMPK enzymatic activity was significantly increased in a dose-dependent manner in LNCaP and C4-2 cells treated with LY294002 or U0126, but the effects were abrogated in the presence of 10 μ[M]{.smallcaps} compound C ([Figures 3a and b](#fig3){ref-type="fig"}). The finding was confirmed by western blotting ([Figure 3c](#fig3){ref-type="fig"}). Next, we examined the effect of either inhibiting or activating AMPK on the expression of AKT, ERK and FASN in PCa cells. FASN, P-AKT and P-ERK expression was upregulated in LNCaP cells by treatment with 50 n[M]{.smallcaps} of AMPK small interfering RNAs (siRNAs) for 6 h ([Figure 3d](#fig3){ref-type="fig"}, [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). When LNCaP cells were treated with 0.5 m[M]{.smallcaps} of AICAR for 1 h, expression of FASN, P-AKT and P-ERK was downregulated compared with the untreated condition or the condition under treatment with AMPK siRNA ([Figure 3d](#fig3){ref-type="fig"}).

The role of FASN on cell proliferation and cell signalling in PCa cells
-----------------------------------------------------------------------

Next, we investigated the role of FASN on PCa cell proliferation. Cell proliferation was significantly decreased in both LNCaP and C4-2 cells by treatment with both FASN siRNAs and cerulenin for 48 and 72 h, and the effects were partially rescued by adding 75 μ[M]{.smallcaps} of palmitic acid (PA), the first fatty acid produced by FASN and the precursor to longer fatty acids ([Figures 4a and b](#fig4){ref-type="fig"}). In addition, we examined whether the inhibition of FASN affects AKT, ERK and AMPK activation in PCa cells. Western blotting revealed P-AKT and P-ERK protein expression to be downregulated, whereas P-AMPK expression was increased in the LNCaP and C4-2 cells after treatment with FASN siRNAs or cerulenin ([Figures 4c and d](#fig4){ref-type="fig"}; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). These findings suggest that upregulated FASN increases tumour growth under HFD conditions. In addition, there may be a critical reciprocal stimulatory system in FASN expression and the PI3K and MAPK pathways associated with PCa progression. AMPK may have a suppressive role on the FASN/PI3K/MAPK signalling system.

FASN expression was associated with adverse pathological findings in patients with PCa treated by radical prostatectomy
-----------------------------------------------------------------------------------------------------------------------

To determine the clinical role of FASN on PCa progression, we performed FASN immunohistochemistry in patients with PCa treated by radical prostatectomy. Anti-FASN antibody showed that FASN was predominantly expressed in the cytoplasm of cancer epithelial cells. The staining level of FASN in PCa specimens was calculated according to the intensity and proportion of positive cells ([Figure 5A](#fig5){ref-type="fig"}). When the relationship between FASN expression and Gleason score (GS) was evaluated, the FASN staining level was significantly higher in PCa patients with a GS of 7 compared with a GS of ⩽6 (*P*\<0.01; [Figure 5B](#fig5){ref-type="fig"}). Moreover, the staining level was significantly higher in PCa patients and a GS of ⩾8 than in those with a GS of ⩽6 (*P*\<0.01; [Figure 5B](#fig5){ref-type="fig"}). The FASN staining level was significantly higher in patients with advanced pathological T (pT) stages (⩾pT3) of PCa than in those with more localized disease (⩽pT2) (*P*\<0.001; [Figure 5C](#fig5){ref-type="fig"}).

Downregulation of FASN in response to ADT and chemotherapy in the prostatectomy specimens of patients with PCa
--------------------------------------------------------------------------------------------------------------

To assess the changes in FASN expression in PCa patients treated with androgen deprivation therapy (ADT) and chemotherapy, we investigated the FASN staining level in radical prostatectomy specimens treated with or without neoadjuvant chemohormonal therapies. The patients enrolled in this study either (a) had not received any ADT or chemotherapy before prostatectomy (*n*=10), (b) had received ADT alone for 3--6 months (*n*=10) or (c) had received ADT for 3 months and docetaxel/estramustine phosphate chemohormonal therapy for 6 weeks (*n*=9) ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). The FASN staining level tended to be lower in the PCa specimen when neoadjuvant therapy had been administered (*P=*0.079; [Figures 6A and B](#fig6){ref-type="fig"}). The FASN staining level was significantly lower in the sections from patients who had received neoadjuvant chemohormonal therapy than those without any preoperative treatment (*P=*0.040; [Figures 6A and B](#fig6){ref-type="fig"}).

Discussion
==========

In this study, the HFD enhanced tumour growth and FASN expression in the LNCaP xenograft mice, as expected. Interestingly, the serum FASN level was significantly lower in the HFD group than the LFD group and correlated inversely with tumour growth. Moreover, the HFD increased the levels of P-AKT, P-ERK and Ki67 positivity in xenograft tumours. Although this study provided no direct evidence to show that FASN activation is indispensable for HFD-induced enhancement of the LNCaP xenograft tumour growth, the higher level of P-AKT, P-ERK, Ki67 positivity and FASN in the HFD xenograft may support the results of *in vitro* experiments and consequently the significance of FASN. Through *in vitro* experiments, we also showed that FASN expression was decreased in the cytoplasm of PCa cells, whereas it was increased in the corresponding conditioned medium by treatment with PI3K and MAPK inhibitors (LY294002 and inhibitor U0126, respectively). These findings suggest that a HFD influences PCa progression through the upregulation of FASN expression and the inhibition of extracellular FASN release, which were also associated with upregulated PI3K and MAPK signalling. Alternatively, a HFD may activate PI3K and MAPK signalling and promote PCa cell growth through other mechanisms, in which case intracellular FASN was increased as the result of the enhanced PI3K and MAPK signalling. Either way, the results of our study suggest the presence of a critical stimulatory loop between FASN and PI3K and MAPK signalling.

In this study, intracellular FASN expression was higher and P-AMPK expression lower in xenograft tumours of the HFD group than the LFD group. In the *in vitro* studies, treatment with a pharmacological activator of AMPK (AICAR) resulted in decreased cellular expression levels of FASN and SREBP-1 and increased FASN in the conditioned medium in a dose-dependent manner. Moreover, both the enzymatic activity of AMPK and the protein expression of P-AMPK were significantly upregulated in PCa cells treated with LY294002 and U0126. In addition, the inhibition of AMPK by AMPK siRNA markedly stimulated P-ERK and P-AKT activation. Although no direct interaction between AMPK and PI3K or MAPK signalling was determined in this study, the results suggest the presence of a feedback system between AMPK and PI3K and MAPK signalling.

FASN has been shown to be upregulated in PCa, and its inhibition to be associated with decreased cell proliferation and increased apoptosis.^[@bib28]^ Consistent with this, we found that PCa cell proliferation was decreased by treatment with FASN siRNA and a pharmacological inhibitor of FASN, cerulean. Moreover, this effect was partially rescued by PA, which is a major product mediated by FASN. Interestingly, the protein expression of P-AKT and P-ERK seemed to be downregulated, whereas P-AMPK was upregulated, by inhibiting FASN, whereas inhibition of either PI3K or MAPK was found to result in decreased intracellular FASN. This suggests that a stimulatory feedback loop may exist between FASN and PI3K/MAPK signalling, which may have a significant role in PCa progression. Equally, the AMPK system may work as a negative regulator to the stimulatory feedback loop of the FASN/MAPK/PI3K system. Furthermore, the stimulatory feedback loop may be closely linked to the PCa progression associated with HFD, although it remains to be clarified whether inhibiting the stimulatory feedback loop could prevent HFD-associated progression in PCa cells.

Ettinger *et al.*^[@bib29]^ showed that FASN and SREBP-1, a transcriptional regulator of FASN, were dysregulated in the progression of castration-resistant PCa. As we demonstrated in the surgical specimens of human PCa, the FASN expression level was associated with both the GS and the pT stage. In addition, the FASN expression level was decreased in response to 3 months of hormone deprivation therapy or chemotherapy. This finding was consistent with the results reported by Ettinger *et al.*^[@bib29]^, who found that SREBP-1 protein expression was decreased to the lowest level after hormonal therapy for 3 months, but that it increased thereafter. These findings strongly suggest that FASN may not only be a progressive marker but that it could also represent a critical therapeutic target in PCa.

Here, the extracellular secretion of FASN by PCa cells in the conditioned medium was enhanced by treatment with LY294002, U0126 and AICAR. Moreover, the serum FASN level was inversely correlated with tumour growth in LNCaP xenograft mice under HFD conditions. In addition, it was suggested that FASN was present in multiple forms in the conditioned medium, including intact and/or degraded forms. Although the exact biological role of extracellular FASN is unclear, studies have reported that FASN is present in the culture medium of breast cancer cells and in the serum of patients with breast cancer, and that extracellular FASN may therefore serve as a diagnostic and prognostic marker.^[@bib20],\ [@bib21],\ [@bib22]^ FASN has seven catalytic domains, so FASN fragments probably have no activity because they lack essential domains.^[@bib30],\ [@bib31]^ Thus, intracellular rather than extracellular FASN may be a substantial modifier of metabolic alteration during PCa progression, whereas the extracellular FASN level may be an important diagnostic and prognostic marker.

In this study, we have demonstrated that a HFD increases both FASN and SREBP-1 expression and inhibits extracellular FASN release in the LNCaP xenograft mouse model. Furthermore, intracellular FASN was decreased and extracellular FASN release enhanced in the PCa cells by PI3K/MAPK inhibition or AMPK activation. FASN inhibition resulted in PI3K/MAPK downregulation and AMPK activation, whereas AMPK activation was associated with FASN downregulation and PI3K/MAPK inactivation. The results strongly indicate the presence of a critical regulatory feedback loop between the PI3K/MAPK system and AMPK signalling. Clinically, immunohistological evaluation of surgical specimens showed that high FASN expression was significantly associated with a high GS and an advanced pT stage of cancer. In addition, FASN expression was markedly decreased in the PCa response to ADT and chemotherapy. Therefore, FASN and its related kinetic pathways may be good targets for chemoprevention and therapy in PCa.

Materials and methods
=====================

Cell culture and reagents
-------------------------

Human PCa LNCaP cells were purchased from the American Type Culture Collection (Manassas, VA, USA) and the PCa C4-2 cells were kindly provided by Dr Leland WK Chung of Emery University.^[@bib32]^ The cells were maintained in RPMI 1640 medium or Dulbecco\'s modified Eagle\'s medium (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum and 1% penicillin--streptomycin. PI3K inhibitor (LY294002), MAPK inhibitor (U0126) and AMPK activator (AICAR) were purchased from Cell Signaling Technology (Boston, MA, USA). PA and FASN inhibitor (cerulenin) were purchased from Sigma (St Louis, MO, USA). The AMPK inhibitor compound C was purchased from EMD Millipore (Billerica, MA, USA).

Animal study
------------

The institutional review board of the Institutional Animal Care and Use Committee of Akita University Graduate School of Medicine approved all animal experiments procedures in this study. Six-week-old athymic BALB/c-nu/nu mice (*n*=24) were obtained from Japan SLC (Shizuoka, Japan) and fed an autoclaved CE-2 diet (Japan SLC); 1 × 10^6^ LNCaP cells were subcutaneously inoculated with ice-cold BD Matrigel (0.25 ml; BD Bioscience, Bedford, MA, USA) and RPMI medium (0.25 ml) in the hind limb. Four weeks after injection, mice with a palpable tumour were randomly assigned to either the HFD or the LFD group (*n*=12 per group). The HFD comprised 59.9% calories from fats, 21.4% from carbohydrates and 18.6% from proteins. The LFD comprised 9.5% calories from fats, 67.7% from carbohydrates and 22.8% from proteins ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Body weight, tumour volume and food consumption were measured weekly, and tumour volume was calculated using the following formula:^[@bib5]^ length (cm) × width (cm) × height (cm) × 0.5236. At week 14, mice were killed by CO~2~ asphyxiation, the xenograft tumours were excised and the mouse serum was separated.

Serum analysis
--------------

The serum FASN concentration of xenograft mice was measured in duplicate using a sandwich enzyme-linked immunosorbent assay (ELISA) kit (Uscn Life Science Inc., Houston, TX, USA). The kit was a human-specific ELISA that does not cross-react with mouse FASN. Serum insulin was measured using an insulin enzyme immunoassay kit (Morinaga Institute of Biological Science, Tokyo, Japan), and serum IGF-1 was measured using a mouse/rat IGF-1 ELISA kit (R&D Systems, Minneapolis, MN, USA). Briefly, 100 μl of standards and the diluted serum samples were incubated in the human FASN, mouse insulin or mouse IgG-coated 96-well plates for 2 h. After washing, a 1-h incubation period was performed with a second biotinylated anti-human FASN, anti-mouse insulin or anti-mouse IGF-1 antibody and followed by a 30-min incubation period with streptavidin peroxidase (horseradish peroxidase). After washing to remove all unbound enzyme, colour was generated by adding tetramethylbenzidine and the reaction was stopped with a stop solution (2 N H~2~SO~4~). Concentrations of serum FASN, insulin and serum IGF-1 were calculated using standard curves.

siRNA constructs
----------------

FASN siRNA1 (SI00059752), siRNA2 (SI0059759), siRNA3 (SI3082261) and luciferase siRNA (SI03650353) were purchased from Qiagen (Valencia, CA, USA), and AMPK siRNA1 and siRNA2 was purchased from Cell Signaling Technology. The luciferase siRNA was used as a control. Transfection of siRNAs was performed using Lipofectamine 2000 (Invitrogen). Cells were cultured in a 35-mm dish and treated with siRNA (50 n[M]{.smallcaps}) in reduced-serum Dulbecco\'s modified Eagle\'s medium. FASN and AMPK knockdowns were verified by western blotting.

Quantitative reverse transcription--PCR
---------------------------------------

Total RNA was extracted from the cultured cells or the xenograft tumour tissues using the TRIzol reagent (Invitrogen). The following reverse transcription--PCR primers were used: *FASN*, forward 5′-CAG CCA TGG AGG AGG TGG TGA TT-3′, reverse 5′-CGA AGA AGG AGG CAT CAA ACC TA-3′ *SREBP-1*, forward 5′-ACG GCA GCC CCT GTA ACG ACC ACT GTG A-3′, reverse 5′-TGC CAA GAT GGT TCC GCC ACT CAC CAG G-3′ *AMPK* forward 5′-GAC AGC CGA GAA GCA GAA AC-3′, reverse 5′-AGG ATG CCT GAA AAG CTT GA-3′ and *beta-actin*, forward 5′-ATC TGG CAC CAC ACC TTC TA-3′, reverse 5′-CGT CAT ACT CCT GCT TGC TGA TCC ACA TCT GC-3′. The experiments were performed in triplicate.

Cell proliferation assay
------------------------

In total, 1 × 10^4^ cells were seeded in a 96-well plate and cultured in Dulbecco\'s modified Eagle\'s medium containing 5% fetal bovine serum without antibiotics. Then, the cells were treated with siRNA (50 n[M]{.smallcaps}) or cerulenin (10 μ[M]{.smallcaps}) with or without PA (75 μ[M]{.smallcaps}), and cultured for the indicated times. Cell proliferation was assessed using a nonradioactive 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based cell proliferation assay kit (Roche, Basel, Switzerland). Briefly, 10 μl of MTT (5 mg/ml: 1XPBS; component A) was added to each well and incubated for 4 h at 37 °C,Then, 100 μl of sodium dodecyl sulphate (component B) was added to each well and incubated for 24 h at 37 °C. Absorbance was measured at 570 nm using an ELISA reader (Bio-Rad, Tokyo, Japan). The experiments were performed in triplicate.

Western blotting
----------------

Proteins were extracted from the cultured cells, supernatants and the xenograft tumours using Complete Lysis-M buffer (Roche). Equal amounts of protein were incubated with anti-FASN (BD Bioscience), anti-SREBP-1 (Santa Cruz Biotechnologies, Dallas, TX, USA), anti-AKT, anti-phospho-AKT (P-AKT, Ser^473^), anti-ERK1/2, anti-phospho-ERK1/2 (P-ERK1/2, Thr202/Tyr204), anti-AMPK, anti-phospho-AMPK (P-AMPK, Thr172) or anti-beta-actin (Cell Signaling Technology) antibody.

Semiquantified estimation of AMPK activity
------------------------------------------

We seeded 2 × 10^5^ cells in a 35-mm dish and cultured them with LY294002 or U0126 in a dose-dependent manner for 1 h to maximum concentrations of 10 and 1 μ[M]{.smallcaps} with or without 10 μ[M]{.smallcaps} compound C, respectively. Then, the cells were washed and lysed, and the AMPK enzymatic activity in the lysates was measured by the CycLex AMPK Kinase Assay Kit (MBL, Nagoya, Japan). Briefly, 100 μl of cell lysates were incubated in the 96-well plates coated IRS-1-S789-peptide as AMPK substrate for 30 min at 30 °C. The wells were washed, and incubated with a anti-phospho-mouse IRS-1 S789 monoclonal antibody for 30 min, and followed with horseradish peroxidase-conjugated anti-mouse IgG at room temperature. After washing, colour was developed by adding tetramethylbenzidine and the reaction was stopped with a stop solution, and the absorbance was measured at 450 nm. The AMPK activity of each sample was measured and compared with that of the untreated control cells. The experiments were performed in triplicate.

Immunohistochemistry
--------------------

Slides containing tissue samples from 164 radical prostatectomy specimens were obtained from Akita University Hospital. The mean age, body mass index and preoperative prostate-specific antigen level of the patients with PCa were 66.4±4.5 years, 22.5±1.5 kg/m^2^ and 12.1±6.9 ng/ml, respectively. The Institutional Review Board and Ethics Committee of the Akita University Graduate School of Medicine approved all experiments in this study and we obtained written informed consent for the use of all human sample regarding this study project. The FASN mouse monoclonal antibody (Santa Cruz Biotechnologies) was used as the primary antibody at a dilution of 1:100. Immunohistochemical staining was performed as previously described.^[@bib33]^ Evaluation and scoring were performed with the investigators (MH and HN) blinded to the patients\' background and clinicopathological information. The FASN staining intensity in the cancer epithelium was scored on a semiquantitative scale, as follows: 0, negative; 1, low; 2, moderate; and 3, strong. The FASN staining area was also scored semiquantitatively, as follows: 0, negative (no staining); 1, low (\<25%); 2, moderate (25--50%); and 3, high (\>50%). The FASN staining score was determined by the FASN intensity and area scores. Sections of formalin-fixed paraffin-embedded xenograft tumours were stained with anti-FASN (1:100; BD Bioscience), anti-AKT (1:100; Cell Signaling Technology), anti-P-AKT (Ser^473^, 1:100; Cell Signaling Technology), anti-ERK1/2 (1:100; Cell Signaling Technology), anti-P-ERK1/2 (Thr202/Tyr204, 1:100; Cell Signaling Technology), anti-AMPK (1:100; Cell Signaling Technology) and anti-P-AMPK (Thr172, 1:100; Cell Signaling Technology) antibodies. After overnight incubation, the tissue sections were incubated with horseradish peroxidase-labelled anti-mouse or anti-rabbit antibody (1:5000). The staining intensity in the xenograft cancer cells was scored on a semiquantitative scale as follows: 0, negative; 1, low; 2, moderate and 3, strong. The xenograft tumour sections were probed with anti-Ki67 (1:800; Cell Signaling Technology), and the Ki67 expression levels were evaluated by counting of the Ki67-positive cells in 400--500 tumour cells in the area containing the highest density of Ki67-labelled tumour cells of the slides.

Statistical analysis
--------------------

Statistical analyses were performed using Microsoft Excel and SPSS version 12 (IBM Japan, Tokyo, Japan). All values are presented as mean±standard error. Differences between two groups in each experiment were evaluated using unpaired Student\'s *t-*tests. The Pearson correlation coefficient (*r*) was calculated to investigate the relationship between the serum FASN concentration and the tumour volumes of xenograft mice. A positive correlation was considered when *r* was \>0.5. Differences were considered statistically significant if the *P*-value was \<0.05.
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![The expression of FASN and its related signal pathways in LNCaP xenograft mice under HFD or LFD conditions. LNCaP xenograft mice were generated, and those with palpable tumours were randomly assigned to HFD and LFD groups (12 mice per group). After the 14-week diet experiments, the tumour and serum samples were separated. (**a**, **b**) mRNA expression of *FASN* and *SREBP-1* in xenograft tumours was quantified by quantitative reverse transcription--PCR and the relative mRNA expression ratio was compared against beta-actin in the two diet groups. \**P*\<0.05. (**c**) The serum FASN concentrations were measured by the human FASN ELISA kit. The mean serum FASN level was significantly lower in the HFD group than in the LFD group: 3344.6±1005.8 and 6666.4±3685.8 pg/ml, respectively (*P=*0.026). (**d**) Serum FASN levels were individually plotted for each animal against tumour volumes from xenograft mice and the Pearson correlation coefficient (*r*) was calculated using SPSS version 12 software (total, *r=*0.642, *P=*0.022; HFD group (closed circle), *r*=−0.618, *P=*0.024; LFD group (open circle), *r*=−0.439, *P=*0.154). (**e**) Xenograft tumour sections from mice in the HFD and LFD groups underwent immunohistological staining with anti-human FASN, P-AKT (Ser^473^), P-ERK (Thr202/Tyr204) and P-AMPK (Thr172) antibody (bar, 100 μm). The higher staining area is indicated (arrows). (**f**) The immunohistostaining intensity in the xenograft cancer cells was scored on a semiquantitative scale. The mean intensity score of FASN, P-AKT (Ser^473^) and P-ERK (Thr202/Tyr204) was significantly higher in the HFD group compared with the LFD group, but the mean intensity score of P-AMPK (Thr172) was markedly lower in the HFD group. (**g**) Equal amounts of proteins from the xenograft tumour were evaluated with western blot with anti-FASN, anti-AKT, anti-P-AKT, anti-ERK, anti-P-ERK, anti-AMPK, anti-P-AMPK and anti-beta-actin.](oncsis201542f1){#fig1}

![Effect of PI3K (LY294002) and MAPK (U0126) inhibitors and an AMPK activator (AICAR) on FASN expression in LNCaP and C4-2 cells. LNCaP and C4-2 cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% fetal bovine serum (FBS) with and without 5 μ[M]{.smallcaps} LY294002, 0.5 μ[M]{.smallcaps} U0126 (**a**--**c**), or AICAR (**d**) at the indicated concentration for 24 h. (**a**) An equal amount of protein from the cells and conditioned medium was subjected to anti-human-FASN antibody. Total RNA was extracted from the cells and *FASN* (**b**) and *SREBP-1* (**c**) mRNA levels were measured by quantitative reverse transcription--PCR, and compared with those of untreated cells. \*\**P*\<0.01. (**d**) The protein from the cultured cells and the supernatant was subjected to anti-AMPK, anti-P-AMPK, anti-FASN, anti-SREBP-1 and anti-beta-actin.](oncsis201542f2){#fig2}

![Crosstalk among PI3K, MAPK and AMPK signalling pathways related to FASN expression. (**a**, **b**) LNCaP and C4-2 cells were cultured with LY294002 and U0126 at the indicated concentration with or without 10 μ[M]{.smallcaps} compound C for 1 h. The cells were washed and lysed, and the enzymatic activity of AMPK was measured using the CycLex AMPK Kinase Assay Kit. The enzymatic activity was assessed in comparison with that of the untreated cells. \**P*\<0.05, \*\**P*\<0.01. (**c**) LNCaP and C4-2 cells were cultured with 5 μ[M]{.smallcaps} LY294002 and 0.5 μ[M]{.smallcaps} U0126 for 1 h. Equal amounts of proteins from the cultured cells were subjected to anti-AMPK, anti-P-AMPK and anti-beta-actin. (**d**) LNCaP and C4-2 cells were cultured with 0.5 m[M]{.smallcaps} AICAR or treated with 50 n[M]{.smallcaps} AMPK siRNA for 1 and 6 h, respectively. Then, protein from the cultured cells was evaluated by western blot with anti-AMPK, anti-P-AMPK, anti-AKT, anti-P-AKT, anti-ERK, anti-P-ERK, anti-FASN and anti-beta-actin.](oncsis201542f3){#fig3}

![The role of FASN and related signalling pathways on PCa cell viability. LNCaP and C4-2 cells were cultured in a 96-well plate with Dulbecco\'s modified Eagle\'s medium (DMEM) containing 5% fetal bovine serum (FBS), and treated with 50 n[M]{.smallcaps} siRNA (**a**, **c**) and 10 μ[M]{.smallcaps} cerulenin (**b**, **d**) with or without 75 μ[M]{.smallcaps} PA for the indicated duration. The MTT assay was performed and cell viability was compared with that of cells treated with control siRNA or FBS (**a**, **b**). \**P*\<0.05, \*\**P*\<0.01. The cells were harvested, protein was extracted and an equal amount of each protein sample was subjected to western blotting using anti-FASN, anti-AKT, anti-P-AKT, anti-ERK, anti-P-ERK, anti-AMPK, anti-P-AMPK and anti-beta-actin (**c**, **d**).](oncsis201542f4){#fig4}

![FASN expression was associated with the GS and pT stage in PCa patients. The slides of tissue sample of PCa from radical prostatectomy were immunohistologically stained using anti-human FASN-specific antibody, and the staining score calculated by scoring staining intensity and area. (**A**) These representative images show negative staining (a), low staining (b), moderate staining (c) and high staining (d). (**B**) The staining level of FASN was significantly higher in patients with high GS (GS=7, *n*=56; and GS \>7, *n*=27) than in those with low GS (GS \<7, *n*=53). *P*\<0.01. (**C**) The FASN staining level in the surgical specimen was significantly higher in patients with pathological stage pT3 or higher than in those with ⩽pT2 (*P*\<0.001).](oncsis201542f5){#fig5}

![FASN expression decreased in response to ADT and chemotherapy in PCa patients. (**A**, **B**) The slides of tissue sample of another PCa from radical prostatectomy were stained with anti-human FASN-specific antibody, and the FASN staining level was scored. (**A**) Representative images of FASN expression. The three PCa patient types that underwent radical prostatectomy with or without neoadjuvant chemohormonal therapy were as follows: (a) no preoperative therapy, (b) neoadjuvant ADT and (c) neoadjuvant ADT with chemotherapy. (**B**) The FASN staining level was significantly lower in PCa subjected to neoadjuvant ADT or chemotherapy before radical prostatectomy when compared with untreated PCa.](oncsis201542f6){#fig6}
